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In Brief Luo et al. show that CD40 and BCR signaling in GC B cells is rewired to control very different pathways, and both signals are required for optimal induction of c-Myc, suggesting a mechanism of signaling-directed positive selection of GC B cells.
INTRODUCTION
In germinal centers (GCs), B cells undergo somatic hypermutation, affinity maturation, and class-switch recombination to generate long-lived memory B cells and plasma cells, which are the source of high-affinity antibodies against pathogens Weisel, 2012a, 2012b) . The GC is an important component of humoral immunity and GC dysregulation is associated with immunodeficiency, autoimmune disease, and cancer (Al-Herz et al., 2014; DeFranco, 2016; Hamel et al., 2012) .
Positive selection of high-affinity GC B cells is the key to affinity maturation, but the detailed process of positive selection is poorly understood. At the most basic level, cells with higher affinity for antigen must get enhanced signals that lead to either better survival, proliferation, or both. These signals logically would involve the BCR directly, but could also include signals gathered by the B cell based on successful presentation of antigen (Ag) to T cells. The latter could include cytokines (such as IL-21) and surface receptors, but prominently is expected to include CD40 signals. Lack of CD40 or its ligand, or administration of anti-CD40L at any time during the GC reaction, results in complete loss of GC B cells (Kawabe et al., 1994; Renshaw et al., 1994; Takahashi et al., 1998; Xu et al., 1994) , confirming a key role for CD40 signals that must emanate from follicular T helper (Tfh) cells.
The relative importance of these signals in mediating positive selection has been debated and remains to be fully clarified. We reported that the BCR in GC B cells was desensitized and suggested that its major function may be to take up antigen for presentation to T cells, which in turn would deliver positively selecting signals to GC B cells (Khalil et al., 2012) . Victora et al. (2010) , using a photoactivatable GFP system and in vivo imaging, concluded that clonal expansion is triggered by T cell:GC B cell interactions in the GC light zone and that T cells discriminate among GC B cells based on the amount of Ag captured and presented. Taking into account zonal distribution of cells and functions in the GC, their data supported a model in which GC B cells in the light zone (LZ) interact with Tfh cells to receive positive signals; positively selected GC B cells then migrate to the dark zone (DZ) to expand and accumulate mutations, after which they migrate back to the LZ to undergo selection again (De Silva and Klein, 2015; Victora et al., 2010) . They further concluded that T cell help was the limiting factor in GC selection, not competition for Ag (Victora et al., 2010) . Similarly, Liu et al. (2015) elucidated a complex interplay between Tfh and GC B cells, in which reciprocal signals mediated by ICOSL on the B cell and CD40L on the T cell convey positive selection via increased expression of ICOSL on selected B cells. Again, their data indicated a paramount role for T cell-derived signals, in particular CD40L. Shulman et al. (2014) came to parallel conclusions again using in vivo imaging. In subsequent work, Gitlin et al. (2014) proposed that T cell-mediated selection led to shortened S phase duration and hence faster cycle times. Despite the remarkable advances that implicated a role of T cell-derived signals, exactly how such signals were coupled to selective advantage-whether that be ICOSL upregulation or reduction in cell cycle duration-has yet to be determined.
Two transcription factors, c-Myc and Foxo1, have been shown to be important in the positive selection process (Calado et al., 2012; Dominguez-Sola et al., 2012 Sander et al., 2015) . Although c-Myc expression appears limited to a small fraction of light zone GC B cells (centrocytes) in mature germinal centers, genetic evidence from two groups demonstrated that c-Myc is essential in GC initiation, maintenance, and positive selection (Calado et al., 2012; Dominguez-Sola et al., 2012) . In addition, c-Myc-positive GC B cells are actively dividing, suggesting that these cells are positively selected (Calado et al., 2012; Dominguez-Sola et al., 2012) . Foxo1 also regulates GC B cell selection: Foxo1 deficiency abrogates the DZ and results in defective affinity maturation and class-switching (DominguezSola et al., 2015; Sander et al., 2015) .
The signaling pathways regulating these transcription factors that mediate selection in GC B cells remain poorly understood. Insights into how external signals are transduced to regulate these transcription factors could provide a key missing link to connect the findings about the importance of localized T cell and antigen signals to the mechanisms that underlie positive selection. Our initial studies of BCR signaling in GC B cells validated the concept that GC differentiation resulted in dramatic reprogramming (Khalil et al., 2012) ; however, we could not connect this to transcriptional regulation nor integrate it into the emerging network of both BCRand T cell-mediated signals that contribute.
Here, using a combination of assays on freshly isolated ex vivo GC B cells, genetic ablation, specific inhibitors, and in vivo delivery of key stimuli to in situ GC B cells, we both re-evaluated BCR signaling potential and defined the GC B cell-specific responses of the key T cell signal receptor, CD40. We confirmed and extended our prior finding that BCR signaling was attenuated, yet identified that BCR-mediated and AKT-dependent phosphorylation of Foxo1 remained uniquely robust (in contrast to other AKT-mediated outputs such as generation of p-S6). CD40-mediated signaling via any PI3-kinase related pathway, on the other hand, was markedly reduced in GC B cells compared to naive B cells. In contrast, we found that although qualitatively altered, NF-kB-mediated signaling downstream of CD40 in GC B cells was similar compared to naive B cells (but is missing downstream of BCR signaling in GC B cells). Finally, we linked this to induction of c-Myc, the critical step in mediating positive selection in GC B cells (Calado et al., 2012; DominguezSola et al., 2012) . We did this first in vitro and then in vivo, either spontaneously or after delivery of CD40 or BCR ligands to GC B cells. Taken together the data suggest a new model that links both BCR and CD40 signals to modulation of transcription factors that underlie selection. Whereas naive B cells can engage both PI3K-AKT and NF-kB pathways downstream of either BCR or CD40, leading to c-Myc upregulation, GC B cells require both signals to do so effectively. Thus, engagement of this key positive selection step requires two signals, both of which require affinity for Ag, possibly explaining how GC B cells establish stringent requirements that drive affinity-based selection.
RESULTS

AKT and ERK Pathways Are Attenuated in Response to CD40 Ligation in GC B Cells
To investigate CD40 signaling in GC B cells, we first performed phospho-flow cytometry for p-AKT and p-S6 after crosslinking CD40 on splenocytes isolated from immunized mice near the peak of a GC response. Most GC B cells interact with Tfh cells only for a short period of time (Liu et al., 2015) . However, in contrast to naive B cells, short-term CD40 stimulation led to minimal phosphorylation of AKT or S6 in gated GC B cells ( Figures  1A, S1A , and S1B). Similarly, western blotting on bead-purified GC B cells or naive B cells that had been similarly treated showed generation of p-ERK only in naive B cells ( Figure 1B ).
The GC can be divided geographically into DZ and LZ. Studies have revealed differences in gene expression and surface marker expression, and ongoing work seeks to delineate the functional differences between these two zone and cell populations (Allen et al., 2007a (Allen et al., , 2007b Dominguez-Sola et al., 2015; Gitlin et al., 2014; Hauser et al., 2007; Sander et al., 2015; Schwickert et al., 2007; Victora et al., 2010 Victora et al., , 2012 . LZ GC B cells express activation markers such as CD86 and CD83 and they are more likely to get T cell help (Shlomchik and Weisel, 2012a; Victora et al., 2010) while DZ GC B cells express higher amounts of CXCR4. To test whether LZ and DZ GC B cells respond differently to CD40 ligation, we used CD86 and CXCR4 as markers to delineate LZ and DZ cells and p-S6 as an index readout. As shown in Figures  1C and S1C, p-S6 generation is equally dampened in DZ and LZ GC B cells. Considering 30% to 50% of GC B cells are LZ in our system, had there been substantial differences between DZ and LZ in any response, we would have observed bimodal peaks in phospho-flow data, but we observed only a unimodal distribution for all the signaling readouts discussed in this article. Thus, we infer that LZ and DZ GC B cells are not intrinsically different in responding to BCR or CD40 signals. In addition, we also found no differences between IgM GC B cells and switched GC B cells in generation of p-S6 ( Figures S1D and S1E) .
When activated by phosphorylation, AKT can inactivate Foxo1 by phosphorylating and displacing it from the nucleus to the cytoplasm (Tzivion et al., 2011) . In agreement with dampened AKT phosphorylation downstream of CD40 ligation, we did not find significant Foxo1 translocation following CD40 stimulation in GC B cells ( Figures 1D and 1E ). Despite these findings, and in keeping with previous data on human tonsillar GC B cells (Koopman et al., 1997; Liu et al., 1989) , CD40 stimulation effectively rescued GC B cells from apoptosis in vitro ( Figure S1F ), suggesting that other signaling pathways may be activated in GC B cells to mediate this effect.
NF-kB Activation Downstream of CD40 Ligation Is Preserved in GC B Cells
The NF-kB pathway is known to transmit survival signals and can be activated by CD40 in naive B cells (Mizuno and Rothstein, 2005) . Indeed, in GC B cells, CD40 stimulation induced degradation of IkBa, a key step to initiate NF-kB signaling, with kinetics similar to naive B cells (Figure 2A ). Interestingly, GC B cells did show reduced phosphorylation of IkBa and P65 compared to naive B cells (Figures 2A, S1G , and S1H). This was probably due to reduced expression of IkB kinase b (IKKb) (Figure 2A pathway. Therefore, we focused on identifying weaker but meaningful signals through more detailed kinetic studies and using more sensitive techniques-via a revised, non-methanolbased phospho-flow protocol-than previously employed (Khalil et al., 2012 BCR Signals Selectively Inactivate Foxo1 in GC B Cells through the Syk-PI3K-AKT Pathway Although BCR signaling is clearly inhibited in GC B cells, we reasoned that it might still be sufficient to activate AKT and contribute to Foxo1 regulation. Foxo1 is involved in controlling differentiation of GC B cell DZ cells, as well as class switching and affinity maturation within the GC (Dominguez-Sola et al., 2015; Sander et al., 2015) . In addition, though DZ GC B cells almost uniformly contain nuclear Foxo1, a small fraction of LZ GC B cells were found to lack nuclear Foxo1 (Dominguez-Sola et al., 2015; Sander et al., 2015) , suggesting that certain signals received by LZ GC B cells are able to cause Foxo1 inactivation, presumably by activating AKT, the major known kinase that regulates Foxo1 (Tzivion et al., 2011 
Syk Signaling Is Important in Maintaining the GC Light Zone through Inactivation of Foxo1
Foxo1 activity is required for the maintenance of the GC B cell DZ program (Dominguez-Sola et al., 2015; Sander et al., 2015) . From this-and from the Syk-, PI3K-, and AKT-dependent circuit elucidated above-we predicted that loss of BCR signaling would result in loss of Foxo1 inactivation, thereby enhancing the DZ. To test this, we used a tamoxifen-inducible human CD20-driven Cre (Khalil et al., 2012) to delete Syk in B cells after establishment of an ongoing GC reaction. One dose of tamoxifen treatment efficiently reduced Syk protein levels in both GC B cells and naive B cells within 3 days ( Figures 5A and 5B ). Syk deletion resulted in gradual depletion of GC B cells, with a $2-and 3-fold loss of GC B cells within 3 and 4 days of tamoxifen treatment, respectively, while no significant effect on total B cells was observed ( Figures 5A, 5C , and S2A), suggesting that Syk signaling is essential for GC maintenance.
In agreement with the results from the Syk inhibitor, Sykdeficient GC B cells could not phosphorylate Foxo1 upon BCR stimulation ( Figures 5D and S2B ). As hypothesized, Syk deletion increased the DZ/LZ ratio among GC B cells within 3 days of tamoxifen treatment ( Figures 5E-5H ). Thus, these data link Syk signals to Foxo1 regulation and in turn to the expression of the LZ phenotype. We conclude that BCR signaling, in a Syk-dependent pathway that signals via PI3K and AKT, is responsible for regulating the GC B cell DZ to LZ transition in a Foxo1-dependent manner.
BCR and CD40 Signals Synergistically Induce c-Myc and p-S6 in GC B Cells These data suggest that BCR signaling might license GC B cells to enter and/or stay in the LZ so as to interact with Tfh cells that are concentrated in the LZ. Selection of GC B cells is thought to be mediated by T cell signals within the LZ that in turn induce c-Myc expression, which is required for GC B cell survival and positive selection (De Silva and Klein, 2015) . Though c-Myc is required for GC maintenance, its expression is restricted to a minor subset of LZ GC B cells (Calado et al., 2012; DominguezSola et al., 2012) . The signaling process that turns on c-Myc in these LZ GC B cells has not been clear. c-Myc is an NF-kB target (Duyao et al., 1990; La Rosa et al., 1994) ; in other cell types, Foxo factors can repress c-Myc signaling (Gan et al., 2010; Wilhelm et al., 2016) . In addition, Foxo factors can also directly antagonize NF-kB activity (Kim et al., 2008; Lin et al., 2004) . As shown above, in GC B cells, signaling via both the BCR and CD40 are rewired such that BCR signals propagate via Foxo1 inactivation but not effectively via NF-kB, whereas the converse is true downstream of CD40. In contrast, in naive B cells both receptors propagate both signals. We therefore postulated that in GC B cells optimal c-Myc expression would require dual BCR and CD40 signals. In keeping with this, in naive or non-GC B cells, either BCR or CD40 stimulation robustly induced c-Myc expression. However, these individual stimuli failed to do so in GC B cells. Only combined BCR and CD40 stimulation in GC B cells strongly and synergistically induced c-Myc, whereas the effects of dual signals were less than additive in naive B cells ( Figures 6A and 6B ). We confirmed this finding by flow cytometry in the B1-8i mouse model, which can class switch to IgG1 (Figures 6C and S3A ). Comparing IgM GC B cells with class-switched GC B cells showed very similar results in response to BCR and CD40 stimulation (Figure S3B) . Interestingly, c-Myc induction by these signals is independent of CXCR4 expression, indicating that LZ (CXCR4 lo ) and DZ (CXCR4 hi ) GC B cells are both capable of responding to BCR and CD40 signals, even though the availability of these signals may be different between the two zones ( Figures S3C and S3D) .
Consistent with this, inhibition of Syk blocked CD40-mediated survival in GC B cells but not in naive B cells in vitro ( Figure S3E ). Hence, in comparison to naive B cells, GC B cell signaling via BCR and CD40 are rewired with respect to c-Myc expression, the induction of which is known to be critical for GC B cell-positive selection (Calado et al., 2012; Dominguez-Sola et al., 2012) . In addition to c-Myc, p-S6 is also critical for regulating cell growth and protein synthesis (Dang, 1999; Dufner and Thomas, 1999; van Riggelen et al., 2010) . Very recently, Ersching et al. (2017) identified the phosphorylation of S6 and associated mTOR activation as key events associated with selection for GC B cell entry into cell cycle as a result of exogenous induction (E and F) Splenocytes from immunized MEG mice were treated with or without 5 mM Syk inhibitor (BAY61-3606), 10 mM PI3K inhibitor (Ly294002), or 5 mM AKT1/2 kinase inhibitor for 30 min and then stimulated with anti-IgM antibody for 5 min. Localization of Foxo1 was examined by Amnis Imagestream. Two independent experiments were performed, and splenocytes were pooled from two to three mice in each experiment. (E) Representative images of GC B cells with Foxo1/DAPI similarity score shown in the merged picture; (F) Foxo1/DAPI similarity score is compared between control (DMSO treated with no stimulation) and treated cells. R5 gates represent cells with Foxo1 in nucleus (high Foxo1/DAPI similarity score). Given these in vitro data, we tested in vivo whether a BCR signal would induce c-Myc in GC B cells and also augment the fraction of GC B cells with LZ phenotype. To do this, we used IgMi mice, which have B cells that express an IgM BCR but cannot secrete any immunoglobulin (Waisman et al., 2007) That only a small fraction of GC B cells upregulated c-Myc in response to the BCR signal was in keeping with the fact that only a small fraction of GC B cells would have received a sufficient T cell-derived CD40 signal at any given interval. Importantly, this in vivo BCR signal increased the LZ fraction among GC B cells ( Figure 6F ), directly supporting the conclusion drawn from Syk deletion, which had the opposite effect ( Figures 5E-5H ). These in vitro and in vivo data demonstrate the importance of the BCR signal in regulating the DZ to LZ transition as well as cooperating with CD40 signaling to induce c-Myc for positive selection.
F E
Blocking BCR Signaling in GC B Cells In Vivo Reduces c-Myc Induction by CD40 Signals
To further test our model that GC B cells need both BCR and CD40 signals to upregulate c-Myc for positive selection, we asked whether a CD40 signal would induce c-Myc without a valid BCR signal. To accomplish this, we took advantage of the tamoxifen-inducible Cre system to delete Syk specifically in B cells during peak of GC reaction (as discussed above). In vivo Figures S4A and S4B) , demonstrating that the CD40 signal was appropriately received by these cells. To rule out the possibility that Syk could also mediate BAFF (Schweighoffer et al., 2013) or CD40 signaling to promote cell survival, we compared Syk-sufficient and -deficient B cells in response to BAFF and CD40 stimulation. We found that Syk-deficient B cells could respond normally to BAFF or CD40 stimulation to process P100 to P52 ( Figure S4C ). In addition, BAFF and CD40 promoted B cell survival independent of Syk expression ( Figure S4D ). Consistent with these findings, we detected Syk phosphorylation in B cells only upon BCR stimulation, but not BAFF or CD40 stimulation ( Figure S4E ). These data are in agreement with and extend a more recent report that found no role for Syk in BAFFR signaling (Hobeika et al., 2015) . We conclude that in vivo induction of c-Myc by CD40 signaling requires Syk and thus presumably BCR signaling for synergy, as was the case in vitro. This is also in accord with our observation that ongoing Syk signaling is required for GC maintenance ( Figures 5C and S2A) . ). Representative flow cytometry data are shown in (A) and statistical analysis is shown in (B). Data represent three independent experiments with total of 5 to 9 mice from each treatment group (mean ± SD). *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001. See also Figure S4 .
DISCUSSION
A fundamental objective in GC biology is to understand the mechanism by which antigen selects higher-affinity V region mutant cells with such efficiency. Progress has been made on understanding cellular movements and interactions in the GC at the imaging level. Transcription and gene regulation are broadly reprogrammed in the GC, and recent discoveries using gene deletion or overexpression in two separate lines of work have linked Foxo1 expression to GC zonal segregation and affinity maturation and Myc expression to positive selection (Calado et al., 2012; Dominguez-Sola et al., 2012 Sander et al., 2015) . These were seminal results. However, the signaling pathways that connect these external interactions to induction of the correct transcriptional programs in a time-, location-, and affinity-dependent way have not been elucidated. Previously we showed that BCR signaling in the GC was reprogrammed from its state in the naive B cell (Khalil et al., 2012) , but how this contributed to functional selection in the GC was not clarified. In fact, others and we interpreted our prior findings to mean that the BCR functioned mainly if not exclusively to gather antigen-and that T cell-mediated signals were primarily if not exclusively involved in GC B cell selection.
Here we have explored a second major signaling axis in the GC B cell, CD40, which is stimulated by cognate interactions with Tfh cells within the GC. A major contribution of this work is to show that the response to CD40 signals are also dramatically reprogrammed in the GC B cell compared to its state in the naive B cell. This is important because naive B cells have previously been used as model systems by which to extrapolate to GC B cells (Cho et al., 2016; Jellusova et al., 2017) ; this extrapolation may not be warranted given the different responses of naive B cells and GC B cells to CD40 ligation. Most importantly, we found that CD40 activates the canonical NF-kB pathway, but-in contrast to the situation in naive B cells-is not responsible in the GC B cell for PI3 kinase signal initiation, since in GC B cells we could detect no signal propagation to regulate AKT. Heise et al. (2014) have shown that two canonical NF-kB subunits, RelA and c-Rel, have important but distinct roles in GC B cell function: c-Rel is critical for GC maintenance while RelA is important in plasma cell differentiation. Our data demonstrate that CD40 ligation results in efficient nuclear translocation of both RelA and c-Rel in GC B cells, so, based on the work of Heise et al. (2014) , it would seem that CD40 signals can mediate both GC maintenance and plasma cell differentiation. Hence, it is likely that other signals would have to integrate with CD40 in GC B cells to determine whether GC B cells differentiate into PC or else self-renew for GC maintenance.
Two models have been proposed to explain the mechanism of GC B cell selection and affinity maturation: BCR signaling-based selection or T cell help-based selection (Allen et al., 2007a; Shlomchik and Weisel, 2012a) . Our initial finding that BCR signaling in GC B cells was desensitized supported the second model and prompted further development of the notion that T cell-mediated signals select high-affinity GC B cells (Khalil et al., 2012) . Results from Victora et al. (2010) favor this model by showing that delivering T cell help in vivo can direct GC B cells to the DZ for expansion. Additional in vivo studies emphasize the unique nature of cognate T cell-B cell interactions in the GC leading to bidirectional CD40-CD40L and ICOS-ICOSL signaling to optimize selection (Liu et al., 2015) . Very recently, ephrin signaling was implicated as an additional mode to fine tune T cell-B cell interactions in the GC to promote selection (Lu et al., 2017) . In all cases, the emphasis and data have been focused on T cell-derived signals with selection driven by BCR-mediated Ag uptake and consequent presentation to T cells, rather than from BCR signaling.
Two recent papers have also provided data on BCR signaling in GC B cells. Mueller et al. (2015) nicely showed that the Nur77-GFP reporter was expressed in a subset of GC B cells and more prominently in LZ than DZ GC B cells. A limitation of this study is that, in addition to BCR, CD40 signals can also induce Nur77 expression (Zikherman et al., 2012; and our unpublished data) and while ibrutinib, a Btk inhibitor, reduced the fraction of GC B cells that were GFP positive (Mueller et al., 2015) , this was only about a 50% reduction. While these authors showed that exogenous anti-CD40 induced lower GFP levels than did BCR, they did not show a dose titration and it appears that a suboptimal concentration of CD40 Ab (1 mg/mL) may have been used, as in our hands a more optimal concentration would be 10-to 20-fold higher. Hence, the effects of CD40 may have been underestimated. Taking this into account, Nur77-GFP-expressing GC B cells are thus likely a mixture of CD40-stimulated, BCR-stimulated, and possibly dual-stimulated cells.
Regardless, and as noted by the authors, this study did not link BCR signaling to any downstream events or determine the contribution of it to affinity maturation. Nonetheless, these data do agree with our finding that CD40-dependent induction of c-Myc depends on Syk expression in vivo and provide independent evidence that a subset of GC B cells do spontaneously transduce signals via the BCR. Since Syk deficiency in this context fully and specifically targets the BCR, we could clearly show that BCR signaling is required for DZ to LZ transition and to synergize with CD40 signals to induce c-Myc in GC B cells. Nowosad et al. (2016) also confirmed in an independent system our prior findings that BCR signaling was generally attenuated in the GC (Khalil et al., 2012) , but showed that very strong membrane-bound BCR signals could overwhelm the phosphatase-dependent signal attenuation of GC B cells, at least based on localized p-Syk generation. In agreement with our prior and current findings, they also found that this upstream signaling did not propagate to the nucleus in the form of NF-kB translocation, while CD40 ligation could promote translocation in GC B cells. Again, they did not connect this to downstream events or positive selection and did not appreciate that CD40 signals were rewired to block critical PI3K signals selectively in the GC. The current work builds upon these prior upstream signaling studies to show that BCR signal regulates Foxo1 via PI3K and AKT and to identify the synergy between this signal and the NF-kB-mediated CD40 signals delivered by T cells, with both required to initiate positive selection.
Thus, a key contribution of the current work is to reintroduce direct BCR signals into a revised model of positive selection that integrates BCR with T cell (CD40L)-derived signals, each with non-redundant roles leading to synergistic outcomes (see diagram of signaling and GC selection model in Figures S6A  and S6B ). Our in vitro and in vivo data reveal that rewired BCR and CD40 signaling pathways in GC B cells results in a requirement for both signals to induce c-Myc expression and to generate p-S6, both of which are intimately linked with selection for reentry into the cell cycle in GC B cells (Ersching et al., 2017) . In contrast, naive B cells can achieve activation with c-Myc and p-S6 induction from either signal, because BCR and CD40 signals are overlapping in activation of multiple downstream pathways in naive B cells (Dal Porto et al., 2004; Elgueta et al., 2009 ). c-Myc has been shown to serve as division timer to regulate B cell responses (Heinzel et al., 2017) , and its expression has been tightly linked as a critical and non-redundant step in positive selection in the GC (Calado et al., 2012; Dominguez-Sola et al., 2012) . Recently, Mayer et al. (2017) It has been proposed that GC B cell proliferation occurs mainly in the GC DZ, segregated from selection mediated by FDC and Tfh cells that would occur mainly in the LZ, where scattered c-Myc-positive cells are observed (Allen et al., 2007a; De Silva and Klein, 2015) . Despite the differences in the environment and proliferative potential between LZ and DZ GC B cells, we did not detect differences in terms of how they are wired to acutely respond to signals delivered via BCR or CD40 stimulation. This is a separate issue from the fact that GC B cells in different zones are likely to actually receive different external signals. This finding is in line with the limited differences in the gene expression profiles between LZ and DZ GC B cells (Allen et al., 2007b; Hauser et al., 2007; Schwickert et al., 2007; Victora et al., 2010 Victora et al., , 2012 and fits with the observation that GC B cells can transit rapidly between zones. Rather, the nature of signals received likely controls zonal presence and phenotype: from both Syk deletion and in vivo ligation experiments-each of which had distinctive effects on DZ/LZ distributions-we infer that in GC B cells, the BCR signal promotes survival and LZ presence.
There are two possible explanations for how BCR signals could affect localization: BCR signals may direct DZ GC B cells to travel to the LZ when they get a valid BCR signal or GC B cells may cross the interface to enter the LZ in a random fashion but then need a BCR signal to remain in the LZ. The latter model is attractive since zonal recirculation, in addition to zonal crossing, have been observed in live imaging of the GC (Allen et al., 2007b; Hauser et al., 2007; Schwickert et al., 2007) . Nonetheless, since BCR signals may occur in both zones, it is possible that both modes of zonal regulation could be operative.
In any case, the LZ in turn is where most Tfh cell interactions can occur, allowing a CD40 signal to also be delivered, inducing c-Myc. In this way, not only would the BCR signal synergize with CD40 in a cell-intrinsic way to induce c-Myc, but it also could influence B cell localization such that the chances of receiving a concordant CD40 signal are increased. We thus propose that this rewiring and its signaling and localization consequences ( Figures S6A and S6B) , interpreted in the context of key data from others on the roles of Foxo1 and c-Myc (Calado et al., 2012; Dominguez-Sola et al., 2012 Sander et al., 2015) , explains the unique stringency of Ag-driven selection in the GC.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE
day 13 to day 14 NP-CGG immunized B1-8i mice or MEG mice. For GC B cell purification from B1-8i mice, biotin conjugated IgD and CD38 antibodies were added to B cell purification cocktail; for GC B cell purification from MEG mice, biotin-CD38 antibody was added to the B cell purification cocktail (GC B cell purity R 90%, example of purity examination by flow cytometry is shown in Figure S5A) . Purified B cells and GC B cells were warmed to 37 C with 5% CO2 in B cell medium (RPMI-1640 medium supplemented with 10% FBS, penicillin/streptomycin, glutamine and 50 mM b-mercaptoethanol) for 30min and stimulated with 200ng/ml NP-Ficoll (LGC Biosearch Technologies), 20 mg/ml goat anti-mouse IgM (m chain specific, Jackson ImmunoResearch) or 20 mg/ml anti-CD40 antibody (FGK45, Bio X Cell or prepared in our lab) as indicated in figure legends. In some experiments, biotinylated anti-CD40 antibody was preincubated with streptavidin at 5:1 molecular ratio, and then used at 2.5 mg/ml to 5 mg/ml for CD40 stimulation. Endotoxin was removed from antibodies used for stimulation with ToxinEraser TM Endotoxin Removal Kit (GenScript) and endotoxin levels were tested with a LAL assay kit (endotoxin < 0.5 EU/ml). Cell viability was determined by LUNA-FL Dual Fluorescence Cell Counter (Logos Biosystems) with AO/PI dual staining.
Western Blot Analysis
Whole cell lysates were prepared by direct lysing and boiling samples in Laemmli buffer supplemented with b-mercaptoethanol. The samples were subjected to western blotting and membranes were incubated with one of the following antibodies: .
Analysis of Nuclear Translocation of P65, c-Rel, NFAT and Foxo1
Total splenocytes from day 13 to 14 NP-CGG-immunized B1-8i BALB/c or MEG BALB/c mice or day 11 immunized B6 mice were warmed at 37 C for 15 min and then stimulated as indicated in figure legends. Cells were fixed with 1.5% PFA for 10 minutes and permeabilized in FACS staining buffer containing 0.1% Triton X-100. Cells were then stained in staining buffer for GC B cell markers (B220, lambda and PNA) and NF-kB-P65 (rabbit polyclonal, Santa Cruz Biotechnology) or c-Rel (clone: D4Y6M, Cell Signaling Technology) or NFAT1 (clone: D43B1, Cell Signaling Technology) or Foxo1 (clone: C29H4, Cell Signaling Technology) for 30 minutes. Cells were washed and stained with Cy3-or Alexa 647-conjugated anti-Rabbit secondary antibody (ThermoFisher Scientific) for 10 minutes. Nuclei were stained with DAPI after secondary antibody staining. Data were collected on an Amnis ImageStreamÒX Mark II Imaging Flow Cytometer and analyzed with IDEAS software using the ''Nuclear Localization'' feature (EMD Millipore).
For experiments using inhibitors, cells were treated with 2 or 5 mM Syk inhibitor (BAY61-3606, Calbiochem), 10 mM PI3K inhibitor (Ly294002, Calbiochem) or 5 mM Akt1/2 kinase inhibitor (Calbiochem) for 30 min before stimulation. For in vivo CD40 stimulation: 3 days post Tamoxifen treatment as described above, mice were given intravenously 50 mg CD40 antibody (clone: FGK, Bio X Cell or prepared in our lab) or isotype control (Rat IgG2a, clone 2A3, Bio X Cell). Four hours later, mice were sacrificed and analyzed by flow cytometry for c-Myc.
In Vivo B cell Receptor Stimulation and Analysis Day 10 NP-CGG immunized IgMi mice were injected intravenously with 400 mg goat anti-mouse IgM (m chain specific, Jackson ImmunoResearch) or 400 mg goat IgG isotype control (ThermoFisher Scientific). Four hours later, mice were sacrificed and splenocytes were analyzed by flow cytometry for c-Myc expression and GC B cell LZ and DZ distribution as described above.
Immunofluorescent Histology
Cryostat sections (7 mm) made from OCT (TissueTek)-embedded spleens were fixed and permeabilized in cold acetone, blocked in PBS containing 1% BSA, 0.1% Tween-20, Fc receptor antibody (clone: 2.4G2, prepared in the lab) and 10% rat serum prior to staining with combined antibodies including biotin labeled IgD (clone: 11-26c, Biolegend), Alexa Fluor 488 conjugated PNA (Vector Lab, conjugated in the lab) and Alexa Fluor 647 conjugated CR1 (clone:8C12, prepared in the lab). Alexa Fluor 555 conjugated streptavidin (ThermoFisher Scientific) was used to detect biotin labeled IgD. 40 3 tiled images of splenic sections were acquired with an IX83 fluorescent microscope (Olympus) and image analysis was performed with cellSens Dimension software (Olympus) with the count and measure module.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed with Prism software (GraphPad Software). P values were determined using Student's t tests (two-tailed). For multiple comparisons, One-Way ANOVA followed by Tukey test was applied. Differences between groups were considered significant for P values % 0.05 (* p % 0.05; ** p % 0.01; *** p % 0.001; **** p % 0.0001).
